In this paper it is presented the fabrication of low loss millimeter wave metamaterials based on patterning on polypropylene substrates by conventional contact photolitography. We study numerically and experimentally the transmission and reflection properties of two dimensional arrays of split ring resonators (SRRs), or metasurfaces, and their complementary structure (CSRRs) for co-and cross-polarization excitations up to submillimeter frequencies under normal incidence conditions. The obtained results suggest the possibility of scaling them at terahertz frequencies based on this substrate where other lossy substrates degrade the resonators quality. Left-handed metamaterials derived from these SRRs and CSRRs metasurfaces could be feasible. Cummer, "Dual-band planar electric metamaterial in the terahertz regime," Opt. Express 16, 9746-9752 (2008 
Introduction
The concept of left-handed metamaterials (LHM), which require simultaneous negative permittivity ε and negative permeability µ, was studied theoretically for the first time by Veselago [1] decades ago. He found that Maxwell's equations lead to a special case when both electric permittivity and magnetic permeability of the matter in which a monochromatic plane wave is propagated are negative. This solution corresponds to a material with a negative refractive index. This property not found in natural materials, opens up the gate to a field of novel, exotic phenomena such as inverse Snell's law in the interface between a standard and a left-handed medium, near-field amplification, perfect lensing, and reversed of Doppler and Cerenkov effects [2] . It was Smith et al. [3] who confirmed experimentally the inversion of Snell's law at microwave frequencies by combining a thin wire medium [4] and split ring resonators (SRRs) [5] in a composite structure, enabling the electric permittivity and magnetic permeability to be simultaneously negative within a certain frequency bandwidth.
So far, SRRs are the most common particle to realize negative permeability for synthesizing LHMs. Recently, the dual structure of the split ring resonator, called complementary split ring resonator (CSRR), has been studied as an alternative to SRR for some applications [6] . The main characteristic that makes SRRs/CSRRs very interesting for the design of artificial media is that their first resonance is quasi-static [6, 7] , so that SRRs/CSRRs electrical size at such resonance is small enough to allow for a continuous media modelling of the composite. Moreover, their bianisotropy property [7] allows for the design of frequency selective surfaces or metasurfaces based on these particles [8] .
Realization of low-loss LHMs synthesized using this kind of particles at higher frequencies would open a way for many applications. In this sense, metasurfaces design and dual band operation has been demonstrated at terahertz wavelengths [9] [10] [11] [12] and at optical ones where even a left-handed metamaterial by stacking U-shaped particles has been shown [13] .
In the present work, we study numerically and experimentally up to the submillimeter waves band (0.55 THz) the transmission and the reflection properties of not only an array of SRRs, but also their complementary structure etched on a polypropylene (PP) substrate. The characterization is done with two orthogonal polarizations under normal incidence. Therefore, we will focus on the fabrication technique and the behavior of single metasurfaces. Note that our approach differs from that of [11] in the different nature of our fabrication method (patterning Al-layers on low-losses polypropylene substrates by conventional contact photolithography) instead of patterning on semi-insulating gallium arsenide (SI-GaAs) substrates as in [11] . Moreover, we have used squared arrays of classical Pendry's SRR [5] and CSRR [6] instead of the planar electric split ring resonator (eSRR) and its Babinet complementary used in [11] .
In a subsequent work we will study the features that appear when SRR/CSRR metasurfaces are stacked and, in particular, we will show that stacked CSRR metasurfaces exhibit LH propagation thanks to the excitation of electroinductive waves [2, 14] , with a mechanism similar to stacked subwavelength hole arrays [15] . 
Design of SRRs and CSRRs metasurfaces.
The unit cell geometries are shown in Fig. 1(a) and Fig. 1(b) respectively. The SRR has an outer dimension of f = 0.56 mm, a lattice parameter of 0.7 mm (a quarter of free space wavelength, λ /4, at the first resonant frequency of the SRR), line width of k = 80 µm, and a gap of e = 30 µm. If we replace the metallic parts of SRR by apertures and apertures by metallic parts, a CSRR is obtained as shown in Fig. 1(b) . These dimensions have been selected to place the quasi-static resonance at the lower portion of our experimental bandwith (60 GHz; V-band) and, therefore, to keep the remaining measurement bandwith to observe the higher-order resonances.
Both metasurfaces are designed as square planar arrays on PP substrate of 20 µm thickness (see section 3 for details on fabrication). The choice of PP is due to its low dispersion and small dielectric losses (tan δ = 0.0005) within a very wide frequency range from microwave to infrared frequencies. It is also worthwhile to mention that PP could be considered a good polymer for metamaterial applications owing to its high mechanical fastness, chemical resistance, better adhesion and higher melting temperatures in comparison with polyethylene, as well as commercial availability.
The use of this polymer to minimize losses may open the possibility of scaling left-handed metamaterials deriving from split ring resonators and their complementary structures to terahertz frequencies.
Technology of prototype fabrication.
The process of metasurface fabrication begins with vacuum thermal deposition of the aluminum layer 0.5 μm thick onto the surface of a PP film which is stretched tightly over the bearing glass wafer with outer sizes 102x102 mm. Commercial PP-films with specially processed surface for improving adhesion of Al to PP were used. For creating a metasurface micro-pattern in the deposited Al-layer we employed a conventional technology of contact photolithography widely applied in semiconductor ("Si-line") industry. The technology includes the following stages: 5. Chemical etching of the 0.5μm-thick-Al-layer through the hardened resistive mask using inorganic solvents. 6. Chemical removal of the hardened photoresistive material in an organic solvent, and the final microscopic control of dimensions for the finished output Al-metastructure. 7. After completing the photolithography procedure a thin-film metastructure is separated from the glass wafer and is tightly ("drum-like") tightened onto a ring-shaped metal holder with clear aperture diameter 50 mm. We revealed that standard commercial PP-films exhibit surface microdefects which result in flaking away the Al-coating in the points of defects during the fabrication process. This effect can be seen in Fig. 1 . Improving adhesion of Al by deposition of a thin auxiliary intermediate layer of Ti or Cr partly solves the problem of flaking, however ultimate minimization of surface defects can be realized by improving original quality of employed PP-films. The frequency responses of both structures were measured in two steps, one by using an AB Millimetre TM Quasioptical Vector Network Analyzer equipment in the frequency range of 40 to 260 GHz and, second, from 260 up to 525 GHz by means of a submillimeter wave BWO-based spectrometer. Therefore our measurement covers the wavelength range from 0.57 mm up to 7.50 mm). Details of the instrumentation can be found in [17] . The measurements procedure is as follows: a horizontally or vertically polarized gaussian beam is generated by a transmitting corrugated horn antenna. This beam propagates up to a focusing pair of elliptical mirrors or polyethylene lenses designed to obtain an undistorted beam having its beam waist in the half of the distance, where the sample is located. Finally, power distribution at the output is received with another corrugated horn antenna located far away from the transmitted horn antenna. The calibration is made by simply removing the structure under study and maintaining the rest of the whole set-up. Throughout the frequency response for the SRR case (see Fig. 2 ), five experimental transmission dips are observed for the co-polar case whereas in the simulation only four dips are obtained. In the cross-polar case two dips appear both in simulation and experiment. More specifically, the first co-polar SRRs resonance is placed at 66.5 GHz which is a quasistatic resonance as it is well known [7] . The following upper order resonances appear at 145 GHz, 230 GHz (250 GHz in the simulation), 310 GHz (does not appear in simulation), 380 GHz (400 GHz in simulation). The cross-polar dips appear at 170 GHz and 370 GHz and practically coincide in simulation and experiment.
Simulation and experimental results.
On the other hand, for CSRR case (see Fig. 3 ), we obtain a nearly complementary response [6] of SRR case, as it was expected due to the presence of the PP film. From the measured frequency response for the CSRRs, six transmission distinct maxima appear for the co-polar case, while the simulation predicts five. In the cross-polar configuration there are two peaks in both cases. In detail, the first co-polar CSRRs resonance is placed at 70 GHz. The following upper order resonances appear at 145 GHz, 230 GHz, 310 GHz, 380 GHz and a final peak at 510 GHz. In the simulation the peak at 310 GHz is lost and the remainder peaks appear at the same location as in the experiment. The cross-polar the peaks appear at 160 GHz and 350 GHz in both cases.
It is noticeable the very low losses level measured for both SRR and CSRR metasurfaces which makes this substrate a potential candidate for terahertz and optical metamaterials.
In addition to the previously presented transmission properties, we also show the measured reflection coefficient for both structures exhibiting only the first and the second resonances and with respect to co-and cross-polarizations as displayed in panels (b) and (d) of Figs. 2  and 3 , respectively. It is important to notice that due to hardware limitations of our experimental facilities this reflection measurement is performed up to 170 GHz.
Here, the first co-polar SRRs resonance peak is placed at 66 GHz. The following upper order resonance appears at 140 GHz. For the cross-polar, the peak appears at 166 GHz. Again, simulation and measurement agree. Conversely, the first co-polar CSRRs resonance dip is placed at 68 GHz. The following upper order resonance is placed at 145 GHz and for the cross-polar case the dip appears at 165 GHz. Also, there is agreement between simulation and experiment.
Looking at the above results one can note one important thing: the criteria for excitation of the higher (non-zero) diffraction harmonics by a periodic structure with the lattice constant g is ε < λ g . So, for g = 0.7mm the 1 st non-evanescent diffraction harmonics is exited at λ diff, air = 0.7mm (f = 429 GHz) for the "air-side" of the structure (it is really seen like an artifact in Figs. 2(a)a and 3(a) ). For the "PP-side" of the structure we obtain λ diff, PP = 0.7mm*1.5 = 1.05mm (f = 286 GHz). It explains existence of the drop in the vicinity of 300GHz (and the appearance of the sixth maximum). This is a Wood's anomaly phenomenon, which in general strongly depends on incident polarization (it explains the difference for co-polar and crosspolar cases), and moreover can differ for structures with different topology. The actual frequency shift with respect to 286 GHz can be explained by non-normal incidence (strictly, +1 and -1 diffraction harmonics will be excited at different frequencies if θ ≠ 0; In the real experiment the incidence angle θ was ≠ 0 to suppress standing waves in the quasi-optical transmission line, and we estimate it as θ ~1.5 -2 0 ). Moreover, the effects of fabrication tolerances are negligible for the first resonance, and they are evidenced only for some higher order resonances. Their impact in prototypes exhibiting their first resonances in the terahertz range will be analyzed in a future work together with the degradation of frequency response of Al-conductivity.
case we have 0.30λ, and 0.65λ. This implies that except for the first quasistatic resonance the SRRs (CSRRs) particles are no longer in the effective medium limit [2, 7] because the size of the SRRs (CSRRs) is much longer than 0.10λ.
Next, we show the simulated surface currents of SRR/CSRR metasurfaces at each dip/peak, to demonstrate the quasi-static or dynamic nature of resonances, see Figs. 4 and 5. The first co-polar resonance shows an almost constant current distribution along the particle, whereas the remaining resonances have marked maxima and minima.
The nature of these resonances will not be the topic of this technological paper, however, a detailed discussion on this topic can be found in [2, 16] .
Conclusions
In this paper we have presented the fabrication of low-loss millimeter wave metamaterials based on patterning on polypropylene substrates operating at millimeter waves. Following the conventional technique of contact photolithography based on industrial equipment we have fabricated two metasurfaces of SRR and CSRR particles by micro-patterning the Al-layer deposited on a supporting polypropilene film substrate with very low loss.
By using numerical simulation tools we have designed the metasurfaces and, then, we have studied numerically and experimentally the transmission properties up to submillimeter wave frequencies (0.5 THz). We have identified both in simulation and experiment several resonances that appear for both co-polar and cross-polar excitations. The agreement is good in almost all realizations, but one of the resonances observed in the co-polar excitation is not predicted by our simulations both in SRRs and CSRRs but a consistent explanation based upon Wood anomalies has been provided. Moreover, the simulated surface currents show that the first co-polar resonance is quasi-static and the rest are dynamic.
These results open the way for the design and construction of fine tuned metamaterials, frequency selective surfaces and spatial filters at millimeter, terahertz and even optical wavelengths.
